cause a variety of diseases, including familial primary
We expanded this interactome map with "second-generation" proteome-wide Y2H screens using 19 of the pulmonary hypertension, hereditary chondrodysplasia, and tumor predisposition syndromes (Massague et al.,
Y2H interactors identified from the first-generation screens as baits (see Experimental Procedures for de-2000)
. In C. elegans, the daf-7/TGF-␤ pathway regulates a decision between reproductive development and artails). A total of 27 additional interactors were identified ( Figure 1B ; see yellow circles). Altogether, we identified rest at a larval stage known as dauer that is suited for survival under conditions of environmental stress 71 Y2H interactions among 59 proteins, comprising a complex interactome network ( Figure 1B ; Supplemental (Riddle, 1988) . Dauer larvae can be discriminated from other larval stages and adults based on radial constric- Table S1 at http://www.molecule.org/cgi/content/full/ 13/4/469/DC1). tion, the presence of alae, the absence of pharyngeal pumping, darkened intestinal appearance, and other morphological features. Components of the daf-7/ Overall Validation of the DAF-7/TGF-␤ Y2H
TGF-␤ pathway have been identified and characterized
Interactome Network by Co-AP Assays genetically (Thomas et al., 1993) To directly test the rate of experimental false positives Large-scale Y2H screens using known DAF-7/TGF-␤ in our Y2H screens, we retested interactions using an pathway components as initial baits produced an interindependent assay based on co-AP of bait and prey actome network that we interrogated in vivo using single proteins expressed in transfected mammalian cells and double genetic perturbations performed with RNAi (Xu et al., 2003) . ORFs cloned here or available in the and genetic loss-of-function mutants. Here, we identify ORFeome 1.1 collection were Gateseveral modulators of DAF-7/TGF-␤ signaling and infer way transferred into the relevant mammalian cell exsome of their functional relationships from patterns of pression vectors (Walhout et al., 2000b) . Bait proteins genetic interaction.
were expressed as glutathione S-transferase (GST) fusions (Smith and Johnson, 1988 ) and prey proteins as Myc epitope-tagged fusions in the human 293T cell line.
Results and Discussion
GST fusion proteins were precipitated from cell lysates by glutathione-Sepharose affinity chromatography, and Y2H Interactome Mapping of a DAF-7/TGF-␤ Network associated prey proteins were detected by immunoblotWe performed Y2H screens using a mixed-stage C. eleting precipitates with anti-Myc antibody. gans cDNA library fused to the activation domainAmong 19 Y2H pairs for which both GST-bait and encoding sequence of Gal4 (AD-wrmcDNA) (Walhout Myc-prey fusion proteins were adequately expressed and Vidal, 2001a). We used as baits six of the known (see Experimental Procedures for details), 17 interac-DAF-7/TGF-␤ pathway proteins fused to the Gal4 DNA tions (89%) were recapitulated ( Figure 2 ). This experibinding domain (DB-X) (i.e. DAF-7, a TGF-␤ superfamily ment strongly indicates that we have generated a highligand [Ren et al., 1996] Figure 1A] ). An ORF interest, it will be virtually impossible to establish that corresponding to DAF-8, an R-SMAD homolog (Estevez, any two proteins found by Y2H do not interact in vivo. 1997), was cloned as a bait but could not be used in Thus, biological false positives are much more difficult Y2H screens because the DB-DAF-8 fusion behaved as to define and detect. However, increasing evidence for a strong autoactivator. One additional gene known to biologically genuine Y2H interactions can be obtained act in this pathway, daf-5 ( Figure 1A ), was not used as by accumulating experimental evidence emerging from a bait because it had not been molecularly cloned prior other functional genomic or proteomic approaches (Ge to the present work (see later results). et al., 2003; Vidal, 2001). To minimize false positive interactions, we utilized a version of the two-hybrid system that expresses bait and prey proteins from low-copy vectors and a mild Limitations of the Y2H-Generated Interactome Network ADH1 promoter (Vidal, 1997) . We also retested all interactions by reconstituting them in fresh yeast cells conAlthough our Y2H screens identified 71 protein interactions, it is likely that there are additional interactome taining the bait plasmid and retransformed with the prey plasmid by gap repair (Walhout and Vidal, 2001a) . From components that were not identified by this approach. Y2H screening has been estimated to have a false negascreens using the initial six baits, we recovered 28 potentially interacting proteins ( Figure 1B ; see blue circles).
tive rate of approximately 60%-70% (Walhout et al., in part mediated by these chromatin-associated factors. An important aim of our study was to identify moleOne explanation for this observation has been that ttx-1 may affect dauer maintenance because of its role in cules relevant to human TGF-␤ signaling pathways. At least 29 of the 55 identified proteins in the interactome specification of neurons that transduce the thermal inputs that are important in dauer regulation. Our results network (54%) appear to show strong sequence conservation in humans by BLASTP analysis, suggesting that suggest an alternative model in which the TTX-1 protein may function more directly by interacting with DAF-7/ many of these interactions may be relevant to mammalian TGF-␤ signaling (Supplemental Table S2 , available TGF-␤ pathway signaling proteins to regulate maintenance of the dauer state. The protein interaction data on Molecular Cell's website).
Functional Analysis of Interactome Components enhanced the partial dauer arrest phenotype of daf-8 by Systematic Genetic Perturbations
(e1393) animals, RNAi of C37C3.6a and F59A2.3 enGiven that the majority of the proteome has not been hanced the partial dauer arrest phenotype of daf-14(m77) studied, a general limitation of protein interaction maps animals, and RNAi of R05F9.10 enhanced dauer formais that most interactors represent uncharacterized protion in both daf-8 and daf-14 genetic backgrounds (Figteins. Without functional data on these proteins, the ures 3A and 3B). These findings are consistent with a biological relevance of these interactions is often diffirole of each of these five interactome components in cult to ascertain. Indeed, the majority of proteins in our repressing dauer formation during normal development. interactome network do not have known biological funcAltogether, the thirteen genetic interactions identified tions.
connect five of the known daf-7/TGF-␤ pathway genes RNAi can be performed in wild-type animals (i.e., sin-(daf-1/TGF-␤-RI, daf-7/TGF-␤, daf-8/R-SMAD, daf-14/ gle genetic perturbations) to assign functional roles to SMAD2, and daf-12/NHR) to nine genes encoding comindividual proteins in an interactome network (Boulton ponents of the protein interaction map. et al., 2002). We carried out single perturbation analysis of proteins from the interactome network using RNAi
Limitations of the Genetic Perturbation Analysis and assayed for an enhanced dauer arrest phenotype.
Although the genetic perturbation analysis was sucThree genes derived from the protein interaction netcessful in identifying genes modulating dauer formation work produced an enhanced dauer arrest phenotype and their genetic interactions with known daf-7/TGF-␤ upon RNAi in wild-type animals (C25A1.5, T27E9.1, and pathway genes, it is likely that there are a significant B0336.2/arf-1; Figure 3A , wild-type row, and Figure 3B , number of additional genes and interactions within the blue rows), indicating that these gene products normally interactome network that were not identified in our exfunction to repress dauer formation during larval develperiments. Our analysis is limited by the particular alleles opment.
of known daf-7/TGF-␤ pathway mutants used as well Single perturbation analysis, although capable of dias by the shortcomings of RNAi as a mode of gene recting attention to particular components in an interinactivation. The penetrance of RNAi effects can be actome network, does not reveal functional relationquite variable and is frequently significantly weaker than ships with directions or signs between components (e.g. Given that there are several uncloned but genetically mapped and characterized loci that modulate daf-7/ known DAF-7/TGF-␤ signaling factors. For example, W01G7.1 and C25A1.5 are of high priority given that they TGF-␤ signaling, we asked whether proteins from our interactome network might be encoded by any of these both interact with a known component of the pathway were gel purified, pooled, extracted, and radiolabeled with 32 P dCTP daf-1(m40), daf-3(e1376), daf-5(e1386), daf-7(e1372), daf-8(e1393), using the random hexamer method. Approximately 10 g each of daf-14(m77), and daf-12(m20).
that of a corresponding genetic mutant (Fraser et al., X acts upstream of Y or X represses Y). An understand-2000). In addition, C. elegans RNAi is notoriously ineffecing of such functional relationships is essential for decitive in neurons (Tavernarakis et al., 2000). Given that
purified genomic DNAs from N2, daf-5(m512), and daf-1(m412::Tc1) In all experiments, every RNAi clone was assayed in at least quad-(the mutator parent of m512) were digested overnight with XbaI and ruplicate (four wells per RNAi clone), and each 24 well plate conresulting fragments were resolved by agarose gel electrophoresis tained both positive and negative RNAi controls in quadruplicate.
along with BstEII-digested lambda marker DNA and transferred to This was done to minimize the substantial variability in population a nitrocellulose membrane. The membrane was incubated with radauer phenotypes among animals with intermediate dauer phenodiolabeled yk130g8 fragments and exposed to X-ray film. types (Ailion and Thomas, 2000) . We frequently observed such variability among animals of the same genetic background that were assayed on separate 24 well plates in the same incubator on the Localization of W01G7.1/daf-5 Expression Using a GFP same day. By including positive and negative controls on each 24
Fusion Transgene well plate, we were able to control for interplate phenotypic variabil-A 3855 bp fragment of W01G7.1 genomic DNA containing 2563 bp ity and limit phenotypic comparisons to those animals that were of 5Ј sequence, exon 1, and part of exon 2 was cloned into the GFP assayed on the same plate. For assays performed at 27ЊC and in expression vector pPD95.75 (without a nuclear localization signal) the daf-8(e1393) and daf-14(m77) genetic backgrounds, all RNAi and coinjected into the germline of N2 with the dominant rol-6 transclones yielding statistically significant effects were retested with formation marker to produce a line of genotype mEx127[daf-5:: negative control RNAi and test RNAi in multiple wells (10 to 11 wells gfp rol-6(su1006)]. This extrachromosomal transgene was inteper RNAi clone) per 24 well plate. grated into chromosomal DNA by exposure to gamma radiation. Two independent lines (mIs19 and mIs20) were established after resegregation from wild-type. GFP expression patterns in all three Genetic Mapping of daf-5 strains were very similar. daf-5 was mapped by recombination to a position between rol-1 and unc-52, using suppression of the temperature-sensitive Daf-c (dauer constitutive) phenotype of daf-7(e1372) as an assay for the HepG2 Cell Transfections and 3TP-Lux Reporter Assays presence of daf-5.
HepG2 cells were transfected with 0.25 g of the 3TP-lux luciferase Finer resolution mapping was carried out using DNA dimorphisms reporter plasmid (Wrana et al., 1992) , 50 ng of the ␤-galactosidase in this region (A.M. Schaefer, J. Jakubowski, K. Kornfeld, and M.L.
reporter plasmid pCH110 (obtained from Pharmacia-LKB; conNonet, personal communication) between the wild-type strains N2 taining a lacZ gene under the control of the SV40 early region proand RC301 (Hodgkin and Doniach, 1997) as scorable markers in moter), and varying amounts of the gene expression construct under two different ordering crosses. The dimorphisms were detected by study. Gene expression vector plasmid without a gene insert was PCR as products of different length from the two strains and can thus included in the transfection to make the total gene expression conbe scored either in homozygotes or heterozygotes. Suppression of struct DNA equal to 4.5 g. Cells were cultured and transfected in daf-7(e1372) was again used as an assay for the presence of daf-5.
6 well tissue culture plates in 2 mL Opti-MEM using Lipofectamine Primer sequences for detection of DNA dimorphisms were as folPlus (Invitrogen) according to the manufacturer's instructions. The lows: jsP304, 5Ј-GTCCCCAAGCAATCTACAAATATG-3Ј and 5Ј-GACTT cells were washed with serum-free medium and incubated with 2.5 TCTCGGTTATCACCCGCC-3Ј; jsP305, 5Ј-CTGCGAACACTCTCATAAT ng/ml of purified recombinant human TGF-␤1 (R&D Systems Inc., CCGTCC-3Ј and 5Ј-CCGTTGTTTGACCTTACAAATTAAC-3Ј; jsP307, Minneapolis, MN) in serum-free medium 24 hr following the transfec-5Ј-CAGCCAGCGTAGCTAGCAATCGGAG-3Ј and 5Ј-CGGAGCTCTT tions. Luciferase and ␤-galactosidase activities were measured ac-CGAGGAGCACAACG-3Ј.
cording to manufacturer's instructions (Tropix, Bedford, MA) after 16-20 hr of TGF-␤ stimulation. The activity of ␤-galactosidase was used to correct variation in transfection efficiencies between wells Germline Transformation and Cosmid Rescue Experiments Transgenic lines were generated as described (Mello et al., 1991) .
by calculating a relative luciferase activity (luciferase value/ ␤-galactosidase value; expressed as relative luciferase units). The Young adult daf-5(e1386);daf-7(e1372) hermaphrodites were immobilized on dried agarose pads under halocarbon oil and injected experiments were repeated at least three times with similar findings.
